In relation to Bringuier's paper (2003 Eur. J. Phys. 24 21), it is pointed out that one cannot always neglect relativistic effects at low velocities. Also, some flaws are identified in his analysis of fields and charges in the case of a circular loop rotating in a constant magnetic field.
A recent analysis of electrostatic charges in v×B fields presented by Bringuier (2003) contains a starting assumption which perhaps deserves a short comment. According to Bringuier, one need not invoke special relativity when discussing a first-order theory of conducting nonmagnetic media that move in magnetic fields. The statement is, of course, perfectly sound as regards the polarization in a moving non-magnetic medium which is given by P = ε 0 (ε r − 1)(E + v × B).
It seems, however, that without special relativity one would hardly recall that the constitutive equation for the magnetization in the moving medium is
in the first-order theory (Rosser 1964 , and that, consequently, the corresponding Maxwell equation for the curl of B is
where J = v + J c is the total, convection plus conduction, current density. True, for a rigid isolated axisymmetric conductor that rotates uniformly in a net magnetic field (applied plus that induced by convection currents) that is symmetrical about the axis of rotation, the magnetization M vanishes since E + v × B vanishes. This follows from Ohm's law in differential form, J c = σ (E + v × B), and from the fact that the conduction current vanishes under steady-state conditions, as and Bringuier (2003) have pointed out. (Note that the vanishing of E + v × B is obtained in the framework of the corresponding relativistic theory by neglecting the inertia of the conduction electrons (compare Grøn and Vøyenly (1982) and ).) However, if the rotating conductor is not isolated, i.e. if flow of current is possible into or out of it, the magnetization in the conductor does not vanish and is given by
In the model discussed by of the Faraday disc connected to a stationary circuit through sliding contacts, the curl of M vanishes. Nevertheless, in the view of the present author, in the general case the magnetization in moving non-magnetic conductors should not be ignored when considering electrostatic charges in v × B fields. The neglect of special relativity leads to a wrong solution (wrong if special relativity is correct) to a simple electrodynamical problem even in the zero-velocity limit, in conflict with intuition, as discussed elsewhere (Bartocci and Mamone Capria 1991a , 1991b , Rosser 1993 , Redžić 1993 ). In addition, nowadays it seems to be conclusively demonstrated that special relativity is indispensable in the analysis of magnetic dielectrics that move at low velocities in magnetic fields (cf a recent version using a modern magnetic material (Hertzberg et al 2001) of the Wilson-Wilson experiment).
Another point in Bringuier's paper (2003) is perhaps worth noting. The author discussed, inter alia, the case of a thin circular non-magnetic conducting loop of wire of uniform circular cross-section, rotating around a diameter in a static uniform magnetic field perpendicular to that diameter. Unfortunately, his analysis of fields and charges in the classic physical system is presumably wrong for the following reasons.
First, Bringuier argues that the bulk equation div (−ε 0 (v × B)) = , where is the density of free charge, implies what he calls the continuity condition given by his equation (16). However, that argument contains a pitfall: the bulk equation, while mathematically correct, has no physical meaning outside the wire. The correct boundary condition involving the surface free-charge density is that required by divD = . (Compare Sommerfeld's solution (1952) to the problem of a long conducting bar moving along its axis in a uniform static magnetic field perpendicular to the axis.)
Second, there is an omission in Bringuier's expression for the uniform transverse field in an infinite cylinder due to a surface charge distribution over the cylinder; a factor of two is missing. After this omission is corrected, it is clear that his conclusion that '. . . E exactly cancels the radial component. . . of v × B' is wrong.
Third, but most important, in the configuration that was analysed by the author (the ring is rotating around a diameter, in a uniform static magnetic field perpendicular to that diameter), even a uniformly rotating ring does not give rise to a stationary situation. Recall that steady-state situations discussed by Lorrain ( , 2001 ) and Redžić (2001 are possible when an axisymmetric and rotationally invariant conductor rotates uniformly in an axisymmetric timeindependent magnetic field; the rotation axis and the field and the conductor symmetry axes should coincide, of course. (Obviously, a steady-state situation with a rotating toric wire would be possible only if the wire rotated uniformly around the axis of symmetry perpendicular to the equatorial plane of the wire (Sommerfeld 1952) .) Clearly, the thin toric wire rotating around a diameter, discussed by Bringuier, is not a rotationally invariant system. In addition, the wire is the seat and the carrier of time-varying conduction and convection currents. The currents give rise to time-varying induced electric and magnetic fields, and the curl of the electric field is given by the differential form of Faraday's induction law. As can be seen, neglecting the induced electric and magnetic fields, as the author did, we neglect the self-inductance of the wire, a rather rough approximation. Moreover, a more detailed analysis reveals that Bringuier's equation (7) does not apply to the rotating ring discussed in his section 5.
When an electric conductor immersed in a static magnetic field B is set into motion, an electric field is induced in the conductor. Lorrain remarked that, concomitantly, a free-charge density ρ is induced , Lorrain et al 1998 . Depending on the geometries of the magnetic field and the conductor, ρ may or may not be accompanied by an electric current density J, the so-called induced current. I gave a non-relativistic account of the phenomenon (Bringuier 2003) , wherein the electric field E in the reference frame of the solid conductor is the sum of the electromotive field v × B (v is the conductor's velocity field) and of the 'electrostatic' field E created by the induced charge ρ (quotation marks are used because ρ and E are co-moving with the solid, rather than static). Lorrain worked out, inter alia, the example of a conducting sphere rotating around a diameter parallel to a uniform B, and found that E cancels v × B, making E and J = σ E vanish (σ is the electrical conductivity). I worked the example of a circular conducting loop of thin wire, rotating around a diameter perpendicular to a uniform B. I found that E cancels the radial component (v × B) ⊥ of v × B, so that E is directed along the wire, just like J.
In his comment, Redžić (2004) notes that, in the latter example, my calculation of E from the surface charge density of the wire is missing a factor of two. I agree with him. He also criticizes my calculation of from v × B, as the field v × B in vacuum is undefined, rather than vanishing. To prove my conclusion that E ⊥ cancels (v × B) ⊥ is true, I will use a different line of reasoning. Firstly, the responses E and J have the same symmetries as the excitation v × B = −ω(B · r), where ω is the angular velocity and r the position relative to the loop's centre. Symmetry with respect to the loop's plane entails that E ⊥ and J ⊥ are directed along r. Secondly, we are dealing with a steady-state situation where div J = 0. Since J = 0 in vacuum outside the wire, the bulk equation div J = 0 entails the surface equation J ⊥ = 0 (no current crosses the surface of the wire). As the material is taken to be ohmic,
shows that the 'electrostatic' field cancels the radial component of the electromotive field. QED. As for the surface density of the 'electrostatic' charges, it is obtained from the surface equation derived from the bulk one ρ = ε 0 div E, given that polarization (bound) charges play no role as div P = (ε − ε 0 ) div(J/σ ) = 0 in an ohmic medium at steady state:
where n is the local unit vector pointing outwards from the wire. Thus, although setting v × B equal to zero in vacuum was somewhat open to criticism, my former equation (16) happens to be true. The actual flaw in my earlier calculation stems from the fact that, while the toric wire may be considered as locally cylindrical in the limit R (R is the loop's radius and the wire's diameter), varies with position and distant surface charges make a significant contribution to E. The uniform-result is not applicable 1 . Here are replies to other remarks raised in the Comment.
(i) B does not have the same physical meaning in equations (1) and (3) in the Comment. In the former, B is an external field imposed on the moving medium and giving rise to the electromotive field v × B. In the latter, B is created by the conduction-plus-convection current of free charges in the medium and by the current of bound charges curl M . The quantities denoted by B in (1) and (3) = 10 −3 m and ω/2π = 100 Hz, we get |φ i /φ | ≈ 3 × 10 −2 . It is seen that self-induction matters at high frequencies for which the conductor's skin depth approaches .
(iii) Redžić asserts that 'even a uniformly rotating ring does not give rise to a stationary situation'. Yet electromechanical generators and motors attest to the contrary. Theoretically speaking, the time needed to reach the electrical stationary state is the dielectric relaxation time ε/σ , regardless of the problem's symmetries. That time is very short, even in poor conductors (Bringuier 2003 (Bringuier , 2004 . Unless inordinately high frequencies are considered, most practical situations involve quasi-stationary states where ∂ρ/∂t is negligible but ρ is not. (iv) The equation of motion of a conduction electron inside the conductor used by is a relativistic generalization of Newton's second law in vacuum. It is incorrect for two reasons. Firstly, between two collisions a conduction electron does not travel with its free mass, but has an energy-pseudomomentum dispersion relation which only in simple cases (not in Cu) is isotropic and parabolic and replaceable by the notion of an effective mass m * . Secondly, the collisions with the medium bring about an exchange of pseudomomentum which is often pictured as a friction force. Collisions are responsible for Ohm's law which follows from the equation of motion v d = µF instead of dv 1 /dt = F /m * (v d is the drift velocity, i.e. the instantaneous velocity v 1 averaged over several collision times, µ the mechanical mobility, and F the applied force; both equations of motion are written in the reference frame of the conductor). The former equation entails a constant v d under constant F , while the latter entails a uniformly accelerating v 1 . In a solid or a not-too-rarefied gas, the pertinent equation including the effect of the collisions is the former one, not the latter as used by Redžić. Nowhere in my treatment of induction is special relativity invoked, so that discrepancies of second order in v are possible. One has been mentioned in my previous paper, namely the convection current ρv. Equation (4) of Redžić's Comment is another one, as µ 0 M is easily shown to be of the order of (v/c) 2 B owing to |E| ≈ |v × B|. Clearly my treatment is not intended to deal with such relativistic corrections.
